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ABSTRACT
Photometric and spectroscopic observations of the Carina dSph revealed that this
galaxy contains two dominant stellar populations of different age and kinematics.
The co-existence of multiple populations provides new constraints on the dark halo
structure of the galaxy, because different populations should be in equilibrium in the
same dark matter potential well. We develop non-spherical dynamical models including
such multiple stellar components and attempt to constrain the properties of the non-
spherical dark halo of Carina. We find that Carina probably has a larger and denser
dark halo than found in previous works and a less cuspy inner dark matter density
profile, even though the uncertainties of dark halo parameters are still large due to
small volume of data sample. Using our fitting results, we evaluate astrophysical factors
for dark matter annihilation and decay and find that Carina should be one of the most
promising detectable targets among classical dSph galaxies. We also calculate stellar
velocity anisotropy profiles for both stellar populations and find that they are both
radially anisotropic in the inner regions, while in the outer regions the older population
becomes more tangentially biased than the intermediate one. This is consistent with
the anisotropy predicted from tidal effects on the dynamical structure of a satellite
galaxy and thereby can be considered as kinematic evidence for the tidal evolution of
Carina.
Key words: galaxies: Carina – galaxies: dwarf – galaxies: kinematics and dynamics
– dark matter
1 INTRODUCTION
Dwarf spheroidal (dSph) galaxies in the Local Group are
an excellent test-bed for understanding the fundamental
properties of dark matter and galaxy formation processes
involving this non-baryonic matter. In the area of parti-
cle physics, these satellites have drawn special attention
as ideal sites for obtaining limits on particle candidates
of TeV-scaled dark matter (e.g., Lake 1990; Walker 2013;
Geringer-Sameth et al. 2015; Hayashi et al. 2016). This is
? Contact e-mail: kohei.hayashi@ipmu.jp
because these galaxies have high dynamical mass-to-light
ratios (M/L ∼ 10 − 1000), that is, are the most dark mat-
ter dominated systems (McConnachie 2012, and the refer-
ences therein). Moreover, these galaxies are sufficiently close
to measure line-of-sight velocities for their resolved member
stars by high-resolution spectroscopy, and this kinematic in-
formation enables us to study structural properties of dark
matter haloes in less massive galaxies in detail.
Using these high-quality data, the studies of dSphs
have suggested some intriguing properties of dark halos
in dSphs; some of them may have cored or at least shal-
lower cuspy dark matter profiles (e.g., Gilmore et al. 2007;
© 2018 The Authors
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Battaglia et al. 2008; Walker & Pen˜arrubia 2011), are most
likely to have non-spherical dark halo (Hayashi & Chiba
2012, 2015b), and their dark halos show some univer-
sal properties (Salucci & Burkert 2000; Strigari et al. 2008;
Boyarsky et al. 2010; Salucci et al. 2012; Hayashi & Chiba
2015a; Kormendy & Freeman 2016; Hayashi et al. 2017). In
particular, cored dark halo profiles in dSphs are in dis-
agreement with those predicted from dark matter simu-
lations based on cold dark matter (CDM) models, which
showed that the density profile of a dark halo of any mass is
well fit by a Navarro-Frenk-White profile (hereafter “NFW”;
Navarro et al. 1996, 1997). This issue is the so-called “core-
cusp” problem, and it is yet a matter of ongoing debate. In
order to solve or alleviate the above issue, a possible solution
has been proposed that relies on a transformation mech-
anism from cusped to cored central density. Recent high-
resolution cosmological N-body and hydrodynamical simu-
lations in the context of CDM models have shown that inner
dark halo profiles at dwarf-galaxy mass scale could be trans-
formed to cored ones due to the effects of energy feedback
from star-formation activity such as radiation energy from
massive stars, stellar winds and supernova explosions (e.g.,
Governato et al. 2012; Madau et al. 2014; Di Cintio et al.
2014a,b; Ogiya & Mori 2014; On˜orbe et al. 2015).
Another possible solution is to replace CDM with al-
ternative dark matter models such as warm dark matter or
self-interacting dark matter models, which can form cored
and less dense central dark matter profiles on less massive
scales without baryonic effects (e.g., Anderhalden et al.
2013; Bozek et al. 2016; Spergel & Steinhardt 2000;
Vogelsberger et al. 2012; Elbert et al. 2015). However,
because of the dependence on the observational and theo-
retical uncertainties, it is difficult to discriminate between
these two different transformation mechanisms on the basis
of observational facts, hence the core-cusp problem still
persists.
On the other hand, current kinematic studies of dSphs
are unable to determine precisely dark halo structures in
these galaxies because of the presence of degeneracy in
mass models, which stems from the fact that only pro-
jected kinematic information is available and dynamical
models are incomplete. For example, kinematic studies typ-
ically treat dSph galaxies as spherically symmetric systems
with constant velocity anisotropy along the radii. How-
ever, in such models, there is a degeneracy between the
velocity anisotropy of stars and dark matter density pro-
files (e.g., Evans, An & Walker 2009; Walker et al. 2009).
Even for axisymmetric mass models, similar degeneracy be-
tween stellar velocity anisotropy and the global shape of
dark halo exists (Cappellari 2008; Hayashi & Chiba 2015b;
Hayashi et al. 2016). The studies of dark matter in dSph
galaxies have been hampered by these degeneracies. In or-
der to disentangle this ambiguity, at least in part, so-far un-
known kinematical information on dSphs and/or more gen-
eral dynamical models are required. Recently, owing to the
outstanding quality of Gaia (e.g., Gaia Collaboration et al.
2016, 2018a,b), the precision proper motions of nearby
bright stars are available. Using the proper motions of 15
member stars in Sculptor dSph based on data from the Gaia
and the Hubble Space Telescope, Massari et al. (2018) mea-
sured the internal motions of the stars and obtained the limit
on the velocity anisotropy. Although there exists a large un-
certainty on this anisotropy with the paucity of data sample,
a number of proper motion data from the Gaia and future
astrometry observations (e.g. Wide Field Infrared Survey
Telescope (Spergel et al. 2015), NFIRAOS at Thirty Meter
Telescope (Herriot et al. 2014) and MICADO/MAORY at
Extremely Large Telescope (Fiorentino et al. 2017) and so
on) will enable us to tackle the issues of the degeneracies
head-on.
Recent spectroscopic observations found that some
classical dSphs (Sculptor, Fornax and Sextans) exhibit
multiple chemo-dynamical sub-populations (Tolstoy et al.
2004; Battaglia et al. 2006, 2008, 2011). For instance,
Battaglia et al. (2008) found that in the Sculptor dSph
metal-rich stars are centrally concentrated and have colder
kinematics with the line-of-sight velocity dispersion decreas-
ing with radius, whereas metal-poor ones are more extended
and have hotter kinematics and an almost constant dis-
persion profile. From the perspective of dynamical model-
ing, the presence of these intriguing chemo-dynamical stellar
properties provides new constraints on the dark halo struc-
ture of dSphs. This is because these kinematically different
populations should settle in the same dark matter potential
well, and thus the co-existence of multiple populations en-
hances our ability to infer the inner structure of the dark
matter halo (Battaglia et al. 2008; Walker & Pen˜arrubia
2011; Amorisco & Evans 2012; Agnello & Evans 2012;
Amorisco et al. 2013; Breddels & Helmi 2014; Strigari et al.
2017).
Battaglia et al. (2008) were the first to attempt to set
constraints on the inner slope of dark matter profile in
the Sculptor dSph using multiple stellar components. Us-
ing spherical Jeans models, they found that cored dark halo
models provide a better fit than NEW models, which how-
ever could not be ruled out. Later, Walker & Pen˜arrubia
(2011) have separated multiple stellar components using a
combined likelihood function for spatial, metallicity and ve-
locity distributions, and then constrained the dark matter
slopes of the Sculptor and Fornax dSphs through the mass
slope using metal-rich and metal-poor populations and as-
suming a spherical stellar system. They concluded that both
Fornax and especially Sculptor have central cores, ruling
out the NFW profile at high statistical significance. How-
ever, if a dSph is not spherical, assuming sphericity in their
method may lead to a strong bias and the inferred slope
turns out to depend on the line-of-sight (Kowalczyk et al.
2013; Genina et al. 2018). In contrast, adopting a separable
model for the distribution function of an equilibrium spheri-
cal system Strigari et al. (2017) showed that the two chemo-
dynamical subpopulations in Sculptor are consistent with
an NFW profile. Furthermore, Breddels & Helmi (2014) ap-
plied Schwarzschild methods to two stellar subpopulations
in Sculptor and concluded that the fitting results with the
NFW model are indistinguishable from those with a cored
one. Therefore, the remarkable debate as to whether the
central regions of halos in dSphs are cored or cusped is still
ongoing.
All these studies assumed, however, that the stellar and
dark components are spherical, even though we know both
from observations and theoretical predictions that these
components should be actually non-spherical. Zhu et al.
(2016) applied the discrete Jeans anisotropic multiple Gaus-
sian expansion model (Watkins et al. 2013) to the chemo-
MNRAS 000, 1–14 (2018)
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dynamical data of the Sculptor dSph assuming that stellar
distributions are free to be axisymmetric but a dark mat-
ter halo is spherical. On the other hand, Hayashi & Chiba
(2015b) have constructed axisymmetric mass models based
on axisymmetric Jeans equations, including stellar velocity
anisotropy and applied these models to line-of-sight veloc-
ity dispersion profiles of the luminous dSphs associated with
the Milky Way and Andromeda. Hayashi et al. (2016, here-
after H16) applied the generalized axisymmetric mass mod-
els developed by Hayashi & Chiba (2015b) to the most re-
cent kinematic data for the ultra faint dwarf galaxies as
well as classical dSphs, but they performed an unbinned
analysis for the comparison between data and models, un-
like Hayashi & Chiba (2015b). However, these non-spherical
mass models have not yet been applied to two-component
systems in any dSphs.
In this paper, following the axisymmetric mass models
developed by H16 and using an unbinned analysis, we de-
velop the multiple stellar component mass models to obtain
stronger limits on dark halo structures in dSphs and apply
these models to the line-of-sight velocity data of two different
age populations in the Carina dSph. As a result of a long-
term photometric and spectroscopic observation project for
Carina (Carina Project: Dall’Ora et al. 2003; Monelli et al.
2003; Fabrizio et al. 2011, 2012; Coppola et al. 2013;
Monelli et al. 2014; Fabrizio et al. 2015, 2016), it has been
shown that the stars in this galaxy can be separated into an
intermediate-age and an old-age population using the color-
magnitude diagram derived from these photometric data.
The spectroscopic data for a fraction of these stars were
then obtained using Very Large Telescope (as described in
next section in more detail). Therefore, in this work we fo-
cus on the constraints on the dark halo structure in Carina
that can be obtained using the mass models we developed
and recent photometric and spectroscopic data for the two
stellar populations. Moreover, the important point in this
work is that we attempt for the first time to set constraints
on a non-spherical dark halo of Carina using the data for its
two stellar sub-populations.
The paper is organized as follows. In Section 2, we de-
scribe the photometric and spectroscopic data for Carina
dSph. In Section 3, we explain axisymmetric models for den-
sity profiles of stellar and dark halo components based on an
axisymmetric Jeans analysis. In Section 4, we introduce the
method of fitting the data and the joint likelihood function
we adopted. In Section 5, we present the results of the fitting
and compare these with the ones from the single likelihood
function analysis. In Section 6, we discuss astrophysics fac-
tors for dark matter annihilation and decay and the stellar
velocity anisotropy profile for each population. Finally, con-
clusions are presented in Section 7.
2 INTERMEDIATE- AND OLD-AGE STELLAR
POPULATIONS OF CARINA
The Carina dSph galaxy is centered at (α2000, δ2000) =
(06h41m36.7s,−50◦57′58′′) with a position angle measured
North through East of 65◦, and is located at a heliocentric
distance, D = 106 ± 6 kpc (Irwin & Hatzidimitriou 1995;
McConnachie 2012). In this section, we briefly introduce
the photometric and kinematic data of two stellar compo-
Table 1. Parameter constraints for stellar surface density dis-
tributions of the two populations in Carina. The “ALL” column
indicates fitting results using all (INTERMEDIATE+OLD) stars
in Carina.
INTERMEDIATE OLD ALL
Se´rsic profile
Ellipticity 0.29+0.02−0.03 0.32
+0.04
−0.04 0.33
+0.02
−0.02
Rs [arcmin] 11.7+0.7−0.7 14.3
+1.4
−1.2 12.5
+0.9
−0.8
Rs [pc] 357.4+21.4−21.4 436.8
+36.7
−42.8 381.8
+27.5
−24.4
m 0.50+0.04 0.52+0.09−0.02 0.53
+0.05
−0.03
reduced-χ2 1.16 1.10 1.04
Plummer profile
Ellipticity 0.21+0.02−0.02 0.29
+0.04
−0.04 0.33
+0.02
−0.02
Rp [arcmin] 9.4+0.6−0.9 13.9
+2.1
−2.7 11.8
+1.2
−0.6
Rp [pc] 287.1+27.5−18.3 424.6
+64.1
−45.8 360.4
+36.7
−18.3
reduced-χ2 4.51 1.87 2.75
Exponential profile
Ellipticity 0.20+0.02−0.02 0.26
+0.04
−0.04 0.33
+0.02
−0.02
Re [arcmin] 9.1+0.9−0.6 13.3
+2.1
−1.5 11.2
+0.9
−0.6
Re [pc] 277.9+27.5−18.3 406.2
+63.4
−45.8 342.1
+27.5
−18.3
reduced-χ2 4.59 1.44 4.19
nents in Carina dSph (Bono et al. 2010; Monelli et al. 2014;
Fabrizio et al. 2016, for more details)
In this work, we use the photometric data from three
different telescopes, i.e., the CTIO 1.5 m telescope, the
CTIO 4 m Blanco telescope, and the ESO/MPG 2.2 m tele-
scope (Bono et al. 2010) and the spectroscopic data from
high and medium resolution spectrographs mounted at the
Very Large Telescope (Fabrizio et al. 2016). Based on photo-
metric V − cU,B,I diagram, i.e. V-band magnitude versus the
new photometric color index, cU,B,I = (U − B) − (B − I), for
the individual stars (Monelli et al. 2013), the member stars
of Carina can be separated into the intermediate-age (red
clump and subgiant stars) and the old-age (horizontal
branch and subgiant stars) stellar populations. This is pos-
sible because cU,B,I is strongly sensitive to stellar metallic-
ity, especially helium and light-element content (Bono et al.
2010)1. Figure 1 shows the V versus B − I (left panel) and
V versus cU,B,I diagram (right panel) for the photometric
observations of Carina. It is clear from the right panel of
Figure 1 that the Carina dSph clearly has two main sub-
populations.
On the other hand, performing new observations and
reducing the data for the stellar spectra, and collecting
other currently available data for Carina, Fabrizio et al.
(2016) performed a detailed analysis of velocity distribu-
tions of 1096 intermediate-age and 293 old population stars.
This analysis revealed that while the intermediate-age stel-
lar component shows a weak rotational pattern around the
minor axis, the old one has a larger line-of-sight velocity
dispersion and is more extended towards the outer region.
They also looked into stellar distributions of both popu-
lations and found that the intermediate-age stars in this
galaxy are centrally concentrated, whereas the old ones are
more extended in the outer region. These photometric and
kinematic features are roughly in agreement with those of
similar multiple populations in Sculptor, Sextans and For-
nax (Battaglia et al. 2008, 2011; Amorisco & Evans 2012).
1 Since there are two well defined star formation events character-
izing Carina stellar populations, this age separation is plausible,
even though cU,B,I is mainly sensitive to chemical compositions.
Namely, the more metal-poor population would be intrinsically
older in a stellar system.
MNRAS 000, 1–14 (2018)
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Figure 1. Left – Photometric selection of intermediate-age (blue) and old (red) candidate Carina stars based on the V versus (B − I )
CMD. The former includes the red clump stars and bright sub-giant branch stars, while the latter one includes horizontal branch stars
and faint sub-giant branch stars. Right – Same as the left panel, but in the V versus cU,B, I diagram. The intermediate and old-age
candidates selected in the left panel are also plotted with blue and red symbols.
Thus, these features of multiple stellar populations in the
luminous dSphs could be general and universal.
In what follows, using in total 6633 (3757 intermediate
and 2876 old) photometric and 1389 (1096 intermediate and
293 old) spectroscopic measurements, which is spectroscopic
data volume almost twice larger than that of previous works,
we investigate structural properties of stellar distributions
for each stellar population and the dark matter distribution
in the Carina dSph.
3 TWO-COMPONENT MASS MODELING
FOR CARINA
3.1 Luminous components
In order to solve the second-order Jeans equations and set
constraints on dark halo properties of the Carina dSph, we
should first obtain the structural properties of stellar pop-
ulations. Here, we present briefly the procedure to estimate
their stellar profiles.
In this work, we assume that the member stars on the
sky plane are distributed by the Se´rsic profile (Se´rsic 1968),
ISer(R′) = IS,0 exp
[
−
( R′
Rs
) 1
m
]
, (1)
by the Plummer profile (Plummer 1911)
IPlm(R′) = IP,0
R2p
(R2p + R′2)2
, (2)
and by the exponential profile,
IExp(R′) = IE,0 exp
{
−
( R′
Re
)}
, (3)
where I(S,P,E),0 are the central surface densities, and R(s,p,e)
denote the scale radii of each stellar distribution. m in Se´r-
sic profile is the Se´rsic index, which measures the curvature
of the stellar profile, and m = 1 corresponds to the expo-
nential profile. The projected elliptical radius, R′, related to
projected sky coordinates (α, δ), is given by
R′2 = (X cos θ − Y sin θ)2 +
[ 1
1 −  (X sin θ + Y cos θ)
]2
, (4)
X = (α − α0) cos(δ0), Yi = δ − δ0, (5)
where (α0, δ0) is the centroid of the system, θ is the position
angle of the major axis, defined East of North on the sky,
and  is an ellipticity defined as  = 1 − q′, with q′ = b/a
being the projected minor-to-major axial ratio of the galaxy.
In order to estimate the stellar structural parameters of
Carina, we compare the radial profiles estimated from the
photometric data with those of the modelled profiles with
some free parameters. First, adopting the standard binning
approach, we estimate the projected radial profiles for each
population. We set the radial bins so that a nearly equal
number of stars is contained in each bin, and then derive the
surface density profiles using the number of stars contained
in each bin. The points with error bars in Figure 2 show the
binned profiles estimated from the photometric data. The
error bars are assumed to be the Poisson errors. To obtain
the stellar structural parameters of the assumed models by
comparing with observational data, we employ a simple χ2
test,
χ2 =
Nbins∑
i
[Iobs
i
− Imodel
i
(O)]2
ε2
i
, (6)
where Nbins is the number of bins, Iobs is the measured stellar
MNRAS 000, 1–14 (2018)
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Figure 2. Radial density profiles of the intermediate (left), old (middle), and all (right) populations in Carina, respectively. The points
with error bars in each panel denote the observed stellar density profiles from the photometric data. The solid, dashed and dot-dashed
lines are the best-fit stellar profiles modelled by the Se´rsic, Plummer, and the exponential profile, respectively.
surface density, Imodel is the modelled density at the same
distance from the center of the system, and ε is the error
on Iobs. O denotes the structural parameters of the assumed
models, that is, I(S,P,E),0, R(s,p,e),  , and the Se´rsic index m.
We employ the reduced χ2 statistics which takes the value
of χ2 divided by the number of degrees of freedom, usually
given by Nbins −Nparameters, where Nparameters is the number of
parameters.
The fitting results for the structural parameters are tab-
ulated in Table 1, and Figure 2 shows the radial profiles
using the best-fit values of the parameters. Although we es-
timate also the best-fit value of the parameter I(S,P,E),0, it is
not an important parameter because it should vanish when
we calculate Jeans equations, as discussed below. Thus, this
parameter is not tabulated in Table 1. According to these
results, we confirm that the intermediate-age subcomponent
is more centrally concentrated than the old one, which is in
agreement with Monelli et al. (2003, see also Fabrizio et al.
2016), and find that the Se´rsic profile is the best-fit model
in each population among the three stellar profile models
we considered. Thus, we adopt the Se´rsic profile as the fidu-
cial stellar distribution of each population and incorporate
it into Jeans equations.
The three-dimensional stellar density ν(r∗) is obtained
from the surface density ISer(R′) by deprojection through
the Abel transform. In the case of m = 1, we can obtain it in
the analytical form, ν(r∗,m = 1) = S0K0(r∗/Rs)/(piRs), where
K0(x) is the modified Bessel function of the second kind. On
the other hand, in the case of 0.5 ≤ m ≤ 10, there is an ex-
cellent approximation for ν(r∗) derived by Lima Neto et al.
(1999):
ν(r∗) = ν0
( r∗
Rs
)−p
exp
[
−
( r∗
Rs
)1/m]
, (7)
where
ν0 =
I0Γ(2m)
2RsΓ[(3 − p)m],
p = 1.0 − 0.6097
m
+
0.05463
m2
,
and Γ(x) =
∫ ∞
0 t
x−1e−tdt is the gamma function. The vari-
able r∗ is expressed by the elliptical radius, r2∗ = R2 + z2/q2
in cylindrical coordinates, so ν(r∗) is constant on spheroidal
shells with intrinsic axial ratio q which is related to the pro-
jected axial ratio q′ and an inclination angle for the stellar
system i so that q′2 = cos2 i + q2 sin2 i, where i = 90◦ when a
galaxy is edge-on and i = 0◦ for face-on. The intrinsic axial
ratio can be derived from q =
√
q′2 − cos2 i/sin i, and thus
the inclination angle is constrained by (q′2 − cos2 i) being
positive.
3.2 Dark components
For the dark matter halo, we adopt a generalized Hernquist
profile given by Hernquist (1990) and Zhao (1996), but here
we consider the non-spherical dark matter halos of dSphs
ρ(R, z) = ρ0
( r
bhalo
)−γ [
1 +
( r
bhalo
)α]− β−γα
, (8)
r2 = R2 + z2/Q2, (9)
where the six parameters are the following: ρ0 and bhalo are
the scale density and radius, α is the sharpness parame-
ter of the transition from the inner slope −γ to the outer
slope −β, and Q is a constant axial ratio of the dark mat-
ter halo. For (α, β, γ) = (1, 3, 1), we recover the NFW pro-
file (Navarro et al. 1996, 1997) motivated by cosmological
pure dark matter simulations, while (α, β, γ) = (1.5, 3, 0) cor-
responds to the Burkert cored profile (Burkert 1995). There-
fore, this dark matter halo model enables us to explore a
wide range of physically plausible dark matter profiles.
An advantage of this assumed profile is that the form of
equations (8) and (9) allows us to calculate the gravitational
force in a straightforward way (van der Marel et al. 1994;
Binney & Tremaine 2008). By using a new variable of inte-
gration τ ≡ a20(1−Q2)[sinh2 um − ((1−Q2)−0.5 − 1)](a0 = const)
in the spheroidal coordinate (um, vm), the gravitation force
can be obtained by one-dimensional integration
g = −∇Φ = −piGQa0
∫ ∞
0
dτ
ρ(r˜2)∇r˜2
(τ + a20)
√
τ +Q2a20
, (10)
where G is the gravitational constant, and r˜2 is defined by
r˜2
a20
=
R2
τ + a20
+
z2
τ +Q2a20
. (11)
MNRAS 000, 1–14 (2018)
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3.3 Axisymmetric Jeans analyses
Dwarf spheroidal galaxies are generally regarded as collision-
less systems. The spatial and velocity distributions of stars
in such a dynamical system are described by its phase-space
distribution function (DF). As the system is in dynamical
equilibrium and collisionless under the smooth gravitational
potential, the DF obeys the steady-state collisionless Boltz-
mann equation (Binney & Tremaine 2008). Since the fami-
lies of solutions satisfied by this equation are innumerable,
additional assumptions and simplifications are required. One
of classical and useful ways to alleviate this issue is to take
the velocity moments of the DF. The equations derived from
this approach are called Jeans equations. In what follows,
we describe these equations for the cases of axisymmetric
mass distributions. This is motivated by the fact that the
luminous part of dSphs is not really spherically symmetric,
nor are the shapes of dark matter halos predicted by high-
resolution Λ-dominated CDM simulations.
In the axisymmetric case, a specific but well-studied
assumption is to suppose that the distribution function is
of the form f (E, Lz ), where E and Lz denote the binding
energy and the angular momentum component toward the
symmetry axis, respectively. In this case, the mixed veloc-
ity moments vanish and the velocity dispersion (v2
R
, v2φ, v
2
z )
in cylindrical coordinates (R, φ, z) obeys v2
R
= v2z (e.g.,
Binney & Tremaine 2008; Hayashi & Chiba 2012), that is,
a velocity anisotropy parameter βz defined as βz = 1− v2z /v2R
is zero. However, βz could be in general non-zero and is
degenerated strongly with the dark-halo shape (Cappellari
2008; Hayashi & Chiba 2015b, H16), and thus non-zero βz
is essential to obtain more convincing results from axisym-
metric mass models. In this work, we follow the approach
of (Cappellari 2008) who assumed that the velocity ellipsoid
is aligned with the (R, φ, z) coordinate and the anisotropy
is constant. We note that these assumptions are supported
by dark matter simulations performed by Vera-Ciro et al.
(2014). Using the velocity anisotropy, the second-order ax-
isymmetric Jeans equations can be written as
v2z =
1
ν(R, z)
∫ ∞
z
ν
∂Φ
∂z
dz, (12)
v2φ =
1
1 − βz
[
v2z +
R
ν
∂(νv2z )
∂R
]
+ R
∂Φ
∂R
, (13)
where ν is the three-dimensional stellar density and Φ is the
gravitational potential dominated by dark matter. We also
assume for simplicity that the density of the tracer stars has
the same orientation and symmetry as that of the dark halo.
In order to compare second velocity moments from
Jeans equations with those from the observations, we need
to derive projected second velocity moments by integrat-
ing v2z and v
2
φ along the line of sight. To do this, we
follow the method given in Tempel & Tenjes (2006, see
also Hayashi & Chiba 2012), which took into account the
inclination of the galaxy with respect to the observer.
4 FITTING PROCEDURE
4.1 Likelihood function
We consider different stellar populations within the same
gravitational potential originating from a dark halo, but each
population shows a different spatial and velocity distribu-
tion. Therefore, we set the same likelihood function for each
population and combine them to obtain tighter constraints
on the dark halo parameters.
For each stellar population k = {Int,Old} (where Int
and Old mean intermediate- and old-age populations, re-
spectively), we assume that the line-of-sight velocity distri-
bution is Gaussian and centered on the systemic velocity
of the galaxy 〈u〉. Given that the total number of member
stars for each population is Nk , and the ith star has the
measured line-of-sight velocity ui ± δu,i at the sky plane co-
ordinates (xi, yi), the likelihood function for each population
k is constructed as
Lk =
N k∏
i=1
1
(2pi)1/2[(δk
u,i
)2 + (σk
i
)2]1/2 exp
[
−1
2
(uk
i
− 〈uk〉)2
(δk
u,i
)2 + (σk
i
)2
]
,
(14)
where σk
i
is the theoretical line-of-sight velocity dispersions
at (xi, yi) specified by model parameters (as described below)
and derived from the Jeans equations. Then, combining the
intermediate and old populations, we obtain the “joint” like-
lihood function
LJoint =
∏
k
Lk = LInt × LOld. (15)
We also perform the fitting analysis for the whole stellar
sample using “single” likelihood function, which means that
we do not separate between the intermediate- and old-age
stellar populations, to compare with the results from the
joint likelihood function.
4.2 Model parameters
For the case of axisymmetric models, the model parameters
are the six parameters of the dark halo and three parameters
of the stellar properties in the axisymmetric case, for which
we adopt the uniform/log-uniform priors. Here we describe
these parameters.
Since we assume that the different stellar populations
move in the gravitational potential of a dark halo with the
generalized Hernquist density profile, there are six free pa-
rameters of the dark halo profile: (1) the axial ratio of dark
halo Q, (2) the scale radius bhalo, (3) the scale density ρ0,
(4) the sharpness of the transition from the inner to the
outer density slope α, (5) the outer density slope β, and
(6) the inner density slope γ. For the stellar component,
we consider different velocity anisotropy parameters, whilst
we assume that the inclination of each stellar population is
identical. Thus, there are three free parameters: (7) the ve-
locity anisotropy for th intermediate-age population βz,Int,
(8) that for old-age one βz,Old, and (9) the inclination an-
gle i. For this total of nine parameters, the prior ranges of
each parameter are
(1) 0.1 ≤ Q ≤ 2.0;
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Table 2. Parameter constraints with Joint and Single likelihood functions. Errors correspond to the 1σ range from our analysis.
Parameters Q log10(bhalo) log10(ρ0) α β γ − log10[1 − βz,ALL] − log10[1 − βz,Int] − log10[1 − βz,Old] i
[pc] [M pc−3] [deg]
Joint 1.23+0.51−0.52 4.11
+0.55
−0.58 −1.70+0.34−0.52 1.85+0.74−0.77 6.27+2.42−2.35 0.28+0.23−0.17 — 0.43+0.18−0.22 0.40+0.19−0.22 71.35+12.28−12.66
Single 1.34+0.42−0.55 4.21
+0.54
−0.61 −1.69+0.26−0.42 2.24+0.52−0.67 6.68+2.20−2.40 0.21+0.19−0.14 0.46+0.18−0.23 — — 72.89+10.89−13.38
Figure 3. Posterior distributions for the fitting parameters calculated from the joint likelihood analysis. The star in each panel denotes
the median value of each parameter. The black lines represent the 1σ and 2σ regions. For some parameters, especially α and β, the
distributions are not well constrained.
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(2) 0 ≤ log10[bhalo/pc] ≤ +5;
(3) −5 ≤ log10[ρ0/(Mpc−3)] ≤ +5;
(4) 0.5 ≤ α ≤ 3;
(5) 3 ≤ β ≤ 10;
(6) 0 ≤ γ ≤ 1.2;
(7) −1 ≤ − log10[1 − βz,Int] < +1;
(8) −1 ≤ − log10[1 − βz,Old] < +1;
(9) cos−1(q′) ≤ i ≤ 90◦.
As we described in Section 3.1, the lower limit of the inclina-
tion angle i is confined by q′2 − cos2 i > 0. Besides the above
free parameters, the systemic velocity 〈uk〉 of the system is
also included as a free parameter with a flat prior. When we
estimate these parameters using a single likelihood function,
the number of free parameters is eight because we can then
consider only one stellar velocity anisotropy parameter.
In order to explore the large parameter space efficiently,
we adopt Markov Chain Monte Carlo (MCMC) techniques,
based on Bayesian parameter inference, with the stan-
dard Metropolis-Hasting algorithm (Metropolis et al. 1953;
Hastings 1970). We take several post-processing steps (burn-
in step, the sampling step and length of the chain) to gener-
ate independent samples that can avoid the influence of the
initial conditions, and then we obtain the posterior probabil-
ity distribution function (PDF) of the set of free parameters.
By calculating the percentiles of these PDFs, we are able to
compute credible intervals for each parameter in a straight-
forward way.
5 RESULTS
In this section, we present the results of the MCMC fitting
analysis for two-stellar components in Carina with nine free
parameters, and compute the median and credible interval
values from the resulting PDF.
Figure 3 displays the posterior PDFs derived from the
MCMC procedure with a joint likelihood function (15). Rel-
atively, the halo parameters bhalo and ρ0 are better con-
strained than the other parameters. The PDFs for the in-
ner slope of dark matter density, γ, are more widely spread
than for the above two parameters, but still they indi-
cate that the data show preference for shallower cuspy or
cored dark matter density profile in Carina. On the other
hand, (Q, α, β, i) are so widely distributed in these param-
eter spaces that it is difficult to confine the parameter
distributions of these. In particular, the axis ratio of the
dark halo has a strong degeneracy with the stellar velocity
anisotropy, βz . As discussed in several papers (Cappellari
2008; Battaglia, Helmi & Breddels 2013, and HC15), the
change of these has a similar effect on the profiles of the
line-of-sight velocity dispersions. In addition, there also ex-
ists a degeneracy between βz for the intermediate and the
old stellar population, even though both parameters have
the peak of PDF at − log10[1 − βz ] ∼ 0.4 which means that
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Figure 4. Profiles of the line-of-sight velocity dispersions
along the major (first row), middle (second row) and minor (third
row) axis for the intermediate- (top panel) and old-age (bottom
panel) population. The colour points with error bars in each panel
denote observed velocity dispersions. The dashed lines are median
values of the models and the light and dark shaded regions en-
compass the 68 per cent and 95 per cent confidence levels from
the results of the unbinned MCMC analysis. The methods for
generating the binned profiles are described in the main text.
the stellar velocity distributions for both populations in Ca-
rina are similar and are likely to possess velocity dispersion
more strongly biased in the R direction than in the z direc-
tion.
To confirm whether our unbinned analysis can repro-
duce the observed kinematics of Carina, we calculate profiles
of the line-of-sight velocity dispersions for both populations
using fitting parameters in our models and the observational
data. To estimate these profiles from the models, we obtain
the output parameters of their MCMC chains, and then we
compute the line-of-sight velocity dispersion profiles through
the axisymmetric Jeans equations for all cases of the output
parameter sets. Finally, we calculate median, 15.87th and
84.13th percentiles (i.e. 68 per cent confidence level), and
2.28th and 97.72nd percentiles (i.e. 95 per cent confidence
level) of them from all parameter sets. On the other hand, in
order to obtain these binned profiles from the observed line-
of-sight velocity data, we adopt the common way of using
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binning profiles. Firstly, assuming an axisymmetric stellar
distribution adopted in this work, the projected positions
(x, y) of the line-of-sight velocity data are folded into the
first quadrant. Secondly, we transform the projected stellar
distribution in the first quadrant to two-dimensional polar
coordinates (r, θ), where θ = 0◦ is set along the major axis
of the stellar distribution, and then divide this into three
areas: θ = 0◦ − 30◦, 30◦ − 60◦, and 60◦ − 90◦, respectively.
For convenience, the first azimuthal region (θ = 0◦ and 30◦)
is referred to as a major axis, the second one as a middle
axis, and third one as a minor axis. Finally, for each area, we
radially divide stars into bins so that a nearly equal num-
ber of stars is contained in each bin. Figure 4 shows this
quantity along the projected major, minor and middle axis
for the intermediate and old stellar populations in Carina.
The dashed line and the shaded region in each panel denote
the median value and confidence levels (light: 68 per cent,
dark: 95 per cent) of the resultant unbinned MCMC analy-
sis of the model profiles, whereas the points with error bars
are binned second velocity moments calculated from the ob-
served data with the above method. As shown in this figure,
the profiles calculated from the results of our MCMC anal-
ysis are in good agreement with binned profiles along each
axis, even though we do not perform any binned fitting anal-
ysis. Furthermore, it is found that all second moment curves
are almost flat, irrespective of the stellar population and the
axis direction. These flat profiles are similar to those found
in previous works even assuming spherically symmetric stel-
lar distributions (e.g., Walker et al. 2009).
Table 2 tabulates the results of MCMC fitting for the
joint (first row) and the single (second row) likelihood anal-
ysis2. We show the median and 1σ (68 per cent) confidence
intervals of the free parameters, which correspond to the
50th (median), 16th (lower error) and 84th (upper error)
percentiles of the posterior PDFs, respectively. βALL denotes
the velocity anisotropy for all stars, and thus this fitting re-
sult in shown only in the second row. Comparing the results
of the joint and the single likelihood analysis, we find that
there is no significant difference in both the median and the
confidence intervals for all parameters. This is because in
the joint analysis the number of stars is probably not large
enough to obtain stronger limits on the dark halo parame-
ters than in the case of the single analysis. In order to set
constraints on the dark halo more robustly, the number of
observed stars in the kinematic sample is absolutely essen-
tial. Nevertheless, the joint analysis enables us to investigate
velocity anisotropy profiles separately for each of the com-
ponents (see Section 6.3).
2 In addition, we perform the MCMC fitting for spherical mass
models to compare with our axisymmetric mass models. For the
spherical mass models here, we assume two cases of models: one
with the axial ratios of both dark (Q) and luminous (q′) compo-
nents equal to unity, and another such that the dark halo is as-
sumed to be spherical (Q = 1), but the stellar distributions are not
spherical (q′ , 1). Then, using the results of the MCMC fitting,
we estimate a Bayes factor which is the ratio of the mean poste-
rior distribution of the axisymmetric to spherical symmetric mass
models. The resulting Bayes factor in the case of (Q = 1, q′ = 1) is
450.9, and that in the case of (Q = 1, q′ , 1) is 37.8, respectively.
It is clearly found that our axisymmetric mass models yield a
relatively better fit than any spherical ones.
Table 3. Comparison of J and D values integrated within 0.5◦
calculated from this work and taken from the previous works. The
values of error correspond 1σ uncertainties. The units of J0.5 and
D0.5 are [GeV
2 cm−5] and [GeV cm−2], respectively.
This work Hayashi et al. (2016, H16) Geringer-Sameth et al. (2015)
DM Models Axisymmetric Axisymmetric Spherical
log10[J0.5] 19.08+0.54−0.63 17.97+0.46−0.28 17.87+0.10−0.09
log10[D0.5] 19.07+0.29−0.63 18.19+0.26−0.25 17.90+0.17−0.16
6 DISCUSSION
6.1 Astrophysics factors for Carina
The Galactic dSph galaxies are ideal targets for constrain-
ing particle candidates for dark matter through indirect
searches utilizing γ-rays or X-rays originating from dark
matter annihilations and decays. This is because these galax-
ies possess large dark matter content, are located at rela-
tive proximity, and have low astrophysical foregrounds of
γ-rays and X-rays. The γ-ray and X-ray flux can be de-
rived by the annihilation cross section or decay rate which
estimates how dark matter particles transform into stan-
dard model particles (the so-called particle physics factor)
and line-of-sight integrals over the dark matter distribution
within the system (the so-called astrophysics factor). In par-
ticular, the astrophysics factor depends largely on the anni-
hilation and decay fluxes. Therefore, in order to obtain ro-
bust limits on particle candidates for dark matter, accurate
understanding of the dark matter distribution in dSphs is
of crucial importance. So far, some previous works have al-
ready evaluated the astrophysics factors for Carina dSph as-
suming spherical distribution (e.g., Ackermann et al. 2014;
Geringer-Sameth et al. 2015; Bonnivard et al. 2015) and ax-
isymmetric distribution (H16, Klop et al. 2017) of dark mat-
ter density. However, here we calculate for the first time the
astrophysics factors for Carina using the fitting results from
the joint likelihood analysis of multiple stellar components
and assuming more general dark halo models which include
non-sphericity and the generalized Hernquist density profile.
In this section, we estimate the astrophysics factors from our
results and compare them with those from previous studies.
To do this adequately, we use only the factors integrated
within a fixed integration angle 0.5◦.
The astrophysics factors for dark matter annihilation
and decay are given by
J =
∫
∆Ω
∫
los
d`dΩ ρ2(`,Ω) [annihilation], (16)
D =
∫
∆Ω
∫
los
d`dΩ ρ(`,Ω) [decay], (17)
which are called J factor and D factor (e.g., Gunn et al.
1978; Bergstro¨m et al. 1998). These factors correspond to
the line-of-sight integral of the square of dark matter density
for annihilation and the dark matter density for decay, re-
spectively, within the solid angle ∆Ω. To estimate these fac-
tors for axisymmetric dark matter distributions, the output
parameters (Q, bhalo, ρ0, α, β, γ, i) from their MCMC chains
are used to calculate the dark matter annihilation J-factor
and decaying dark matter D-factor integrated within 0.5◦
solid angle using equations (16) and (17). We also calculate
the median and 1σ uncertainties of J- and D-factors using
the marginalized PDFs of these factors. The methods are
described in more detail in Section 2 of H16.
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Figure 5. Expected emission profiles for annihilation (top panel)
and decay (bottom panel). The solid line in each panel denotes
the median profile, and the dashed line corresponds to the ±1σ
distribution.
Table 3 shows a comparison of the J and D values in-
tegrated within 0.5◦ solid angle of our results with those of
previous works. It is clear from this table that there are
differences in the median values and the uncertainties of
the J- and D-factor between our estimates and other stud-
ies. The reasons for these differences are not only the ef-
fects of non-sphericity but also the size of the kinematic
data sample and the number of free parameters in the
assumed dark matter density profile. Since H16 have al-
ready discussed the differences in the astrophysics factors
between their axisymmetric mass models and the spherical
ones from Geringer-Sameth et al. (2015), in what follows we
focus on the differences between axisymmetric models in this
work and in H16.
Naturally, the main reason why the J and D uncertain-
ties from this work are larger than those from H16 would be
the difference in the number of fitting parameters of dark
halo profiles. H16 assumed that the outer slope of dark mat-
ter profiles is ρ ∝ r−3 consistently and the parameter of
the transition from the inner to the outer density slope has
a constant value, so that the total number of dark halo
parameters was four. On the other hand, the dark mat-
ter profile we adopt here is a generalized Hernquist pro-
file which takes into account the outer slope and the cur-
vature of the density profile as free parameters, and thus
we have six parameters for the dark halo in total. As for
the difference in the median values, it can be understood by
the fitting results for the scale length (bhalo) and the scale
density (ρ0) of the dark halo profile. While H16 obtained
log10(bhalo/[pc]) = 3.5+0.7−0.6 and log10(ρ0/[Mpc−3]) = −2.2+1.0−0.9
from their MCMC fitting procedure, our fitting result from
the joint likelihood analysis gives log10(bhalo/[pc]) = 4.1+0.6−0.6
and log10(ρ0/[Mpc−3]) = −1.7+0.3−0.5. Therefore, the value of
the scale length (the scale density) estimated from our re-
sults is about a factor of four (three) larger than that from
H16, and thus the J and D factors in this study should be
higher than the values in the previous axisymmetric work.
The reason for the difference in these dark halo parameters
could be the different data volume of the stellar kinematic
sample. The number of available velocity data for Carina was
776 stars in previous works, whereas this work utilizes 1389
stars to obtain limits on dark matter distribution. Thus, it
is not surprising that fitting results in this work are not con-
sistent with those in the others.
Furthermore, we find that our evaluated J- and
D-factors for Carina have higher values in comparison
with those for the other Milky Way dwarf satellites.
Several known Galactic dwarf galaxies such as Draco,
Ursa Minor, Coma Berenices and Ursa Major II possess
large mean J- and D-factors (e.g., Ackermann et al. 2015;
Geringer-Sameth et al. 2015, H16). For instance, Draco,
which might have the highest J and D value among classical
dwarfs, has log10 J = 19.09+0.39−0.36 GeV
2 cm−5 and log10 D =
18.84+0.23−0.21 GeV cm
−2 as given by H16. We therefore suggest
that the Carina dSph becomes one of the most promising
detectable target among the classical dwarf galaxies for an
indirect search of dark matter annihilation and decay.
Finally, to facilitate the evaluation of a survey design
using γ-ray or X-ray observation for Carina, we quantify
the spatial extent of the emission from dark matter anni-
hilation and decay. The angular distributions of emission
can provide useful information about how large areas are
required in optimal observations. Moreover, the detection of
a spatially varying annihilation or decay emission signal is
directly linked to the possibility of revealing the nature of
the dark matter halo. Figure 5 displays the median value
and 1σ confidence intervals of the J- and D-factor as a func-
tion of the integration solid angle. We calculate astrophys-
ical factors extended to 0.5◦ integration angle, because the
outermost observed member star in Carina is located about
0.5◦ from the centre of the galaxy. From this figure, we find
that beyond the integration angle ∼ 0.1◦, the J and D values
increase moderately, thereby suggesting that to preform the
optimal γ-ray or X-ray observation of Carina, the observa-
tional area larger than 0.1◦ would be required.
6.2 Dark matter density profile
Using the fitting results for dark matter density parameters,
we present the inferred dark matter density profile of Ca-
rina. In addition, we also calculate the density profile given
by Geringer-Sameth et al. (2015, hereafter GS15) for com-
parison. Both dark halo profiles were modelled with the same
free parameters, except for the difference in non-sphericity
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Figure 6. Derived dark matter density profile from our Jeans
analysis (purple) and the results of GS15 (gray). The dashed lines
denote smaller radii than the positions of the innermost observed
member stars, so the density profile within the region is less cer-
tain. On the other hand, the solid lines represent the reliable
density profiles. The shaded regions denote ±1σ intervals.
and thus we can compare between their density profiles re-
liably.
Figure 6 shows the dark matter density profile estimated
from our joint analysis (purple) and from GS15 (gray). For
our results, we compute the dark matter density profile along
its major axis. On the other hand, for GS15, we calculate
the density profile using the median and ±1σ values of dark
halo parameters listed in table 4 of their paper. We find from
this figure that although the density distribution in the in-
ner region is not a robust result and has large uncertainties,
the inner density slope from this work favors shallower val-
ues than that from GS15. Moreover, our estimated dark halo
size, which corresponds to the radius of the transition from
the inner to the outer slope, is larger than that from the pre-
vious spherical work. This means that in our case the dark
matter would be more widely distributed, thereby imply-
ing that the astrophysics factors can have large values even
though the preferred inner dark matter density is shallower.
6.3 Velocity anisotropy
In general, axisymmetric models are to some extent capable
of taking into account the velocity anisotropy that depends
on the spatial coordinates. This is important because reveal-
ing the stellar velocity anisotropy provides critical informa-
tion to understand the dynamical evolution history and the
dark matter distribution in the system. In order to compare
with previous results, we transform the second velocity mo-
ments in cylindrical coordinates to spherical coordinates and
estimate the stellar velocity anisotropy in a spherical model
which is given by
βr = 1 −
σ2θ + σ
2
φ
2σ2r
, (18)
100 200 300 400 500 600 700
r [pc]
2.5
2.0
1.5
1.0
0.5
0.0
0.5
1.0
β
r
=
1
−
(σ
2 θ
+
σ
2 φ
)/
2σ
2 r
GS15 (const.)
L09 (const.)
BH13 (const.)
W09 (const.)
Figure 7. The profiles of the velocity anisotropy βr for the inter-
mediate (blue) and old (red) age stellar populations. The dashed
lines and shaded regions denote the median values and the ±1σ
intervals, respectively. The gray dash-dotted line corresponds to
the isotropic value, i.e., βr = 0. The colored stars with error bars
are the constant velocity anisotropy values given by Walker et al.
(2009, black star),  Lokas (2009, green), Breddels & Helmi (2013,
cyan), and Geringer-Sameth et al. (2015, yellow), respectively.
where σ2θ = v
2
θ
, σ2φ = v
2
φ − v2φ, and σ2r = v2r in spherical co-
ordinates (r, θ, φ). Figure 7 displays the velocity anisotropy
profiles calculated from our axisymmetric models for inter-
mediate (blue) and old (red) age stellar populations. The
dashed lines denote median values of the quantity, and the
shaded regions correspond to their 1σ confidence intervals.
If a galaxy has an isotropic velocity ellipsoid for stars, βr is
equal to zero. We find from this figure that the common
assumptions of anisotropy constant with radius or equal
to zero would be unrealistic. Moreover, both populations
are radially anisotropic at small radii. Then, the velocity
anisotropy of the intermediate population decreases gradu-
ally to isotropic with increasing radius, while that of old one
becomes moderately tangentially anisotropic outwards, even
though there are large uncertainties especially in outer parts
of the system.
Figure 7 also shows the values of the constant ve-
locity anisotropy estimated by previous works assuming
spherical symmetry taken from Walker et al. (2009, black
star),  Lokas (2009, green), Breddels & Helmi (2013, cyan),
and Geringer-Sameth et al. (2015, yellow), respectively. We
note that these values of velocity anisotropy do not de-
pend on the radius (i.e. x-axis in this figure), since these
are “constant” values of βr . Walker et al. (2009) used single-
component spherical Jeans equations to model line-of-
sight velocity dispersions of the classical dSphs, and they
found that Carina dSph favors a mild tangential veloc-
ity bias for any dark halo mass profiles assumed.  Lokas
(2009) also solved spherical Jeans equations to repro-
duce the projected higher-order velocity moment (kurto-
sis) as well as second moment, and showed that an almost
isotropic stellar velocity distribution is preferred (βr ∼ 0.01).
Geringer-Sameth et al. (2015) performed dynamical analy-
sis similar to Walker et al. (2009), with a difference in the
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assumed dark halo profiles and likelihood functions. They
found slightly tangentially biased velocity anisotropy. On the
other hand, Breddels & Helmi (2013) implemented single-
component orbit-based Schwarzschild models and computed
line-of-sight velocity dispersions and kurtoses of the lumi-
nous dSphs. From their analysis, the velocity anisotropy of
Carina is clearly tangential.
Broadly, the velocity anisotropy profiles calculated from
our analysis are consistent with the single component anal-
yses from the previous works in the outer parts. However,
our axisymmetric models assume a constant βz for simplicity
and thereby our calculated βr is strongly limited. In order
to investigate the detailed profile of the velocity anisotropy,
we need more realistic dynamical models for dSphs, relaxing
the assumption of a constant βz and more stellar kinematic
data in the future.
The feature that each population has more tangential
(less radial) velocity anisotropy at larger radii, implies a
vestige of tidal disturbances in the dynamical evolution of
the stellar system, which can be quite strong for dwarfs on
eccentric orbits in an external gravitational potential (e.g.,
Baumgardt & Makino 2003; Read et al. 2006). In particular,
the old-age population of Carina is widely extended and thus
is more likely to be tangentially-biased by tidal effects. Fur-
thermore,  Lokas et al. (2010) considered a scenario where a
dSph could have originated from disky dwarf galaxy whose
disk was transformed into a bar-like structure and tidally
stripped by the effects of the Galactic gravitational poten-
tial. In this scheme, the velocity anisotropy profile of the
bar-like structure is radially biased in the inner part, while
in the outskirts the tidal effects would dominate so that the
profile should decrease toward tangentially biased. This pre-
diction is very good agreement with the velocity anisotropy
profile of Carina found here as well as its velocity structure
measured by Fabrizio et al. (2016) which included the de-
tection of remnant rotation in the dwarf. In addition, using
photometric observations Battaglia et al. (2012) found evi-
dence for the presence of tidal tails and isophote twists in
Carina, which also provide observational evidence in favor
of tidal interactions. In spite of large uncertainties in our
estimated velocity anisotropy, our results seem to catch a
glimpse of kinematical features due to tidal effects from the
Galactic potential.
7 CONCLUDING REMARKS
In this work, based on axisymmetric Jeans equations, we
constructed non-spherical dynamical models taking into ac-
count multiple components within a stellar system. We as-
sumed that these multiple stellar populations with different
dynamical properties settle in the same gravitational po-
tential provided by a dark halo. We used a joint likelihood
function which is a combination of likelihood functions for
each population but assumed the same dark halo param-
eters. Applying this dynamical modelling technique to the
Carina dSph galaxy whose stellar populations can be sepa-
rated by the photometric color magnitude diagram, we found
several interesting results concerning the dark halo and kine-
matic properties of Carina.
Firstly, in our joint analysis, the halo parameters bhalo
and ρ0 are better constrained than the other parameters.
In comparison with previous works, both parameters in our
results have significantly higher values. For the inner slope
of dark matter density, although the uncertainties of this
parameter are still large, we have found that for the Ca-
rina dark halo a shallow cusped or cored dark matter profile
is preferred. On the other hand, (Q, α, β, i) are very widely
distributed in the parameter spaces, and it is difficult to con-
strain these parameter distributions, even in joint analysis.
We believe that for the joint analysis to work better and give
stronger limits on the dark halo parameters a larger number
of observed stars in the kinematic sample is absolutely essen-
tial. Still, the joint analysis enables us to investigate velocity
anisotropy profiles separately for each of the populations.
Secondly, using our fitting results, we have estimated
astrophysics factors for dark matter annihilation and de-
cay. We found that these factors for Carina have the highest
values among those of classical dSphs thereby suggesting
that this galaxy is one of the most promising detectable
targets among the classical dwarf galaxies for an indirect
search with γ-ray and X-ray observations. We have also cal-
culated stellar velocity anisotropy profiles for intermediate-
and old-age populations and found that both are radially
anisotropic in the inner region, while the former is approach-
ing isotropy and the latter becomes mildly tangentially bi-
ased in the outer regions. Although these estimates of ve-
locity anisotropy are still subject to large uncertainties, this
feature provides us with the observational kinematic evi-
dence of tidal effects from the Galactic potential.
So far, the dark matter density profile of the Carina
dSph galaxy still has large uncertainties because the dark
halo parameters, especially Q, βz and i, are not strongly con-
strained. To improve these estimates, we require not only a
considerable amount of photometric and spectroscopic data
but also proper motions of the member stars within the
galaxy. In particular, the only one way to break the degen-
eracy between the shapes of the dark halo and the stellar ve-
locity anisotropy is still to measure three-dimensional veloc-
ities of stars. Further observational progress implementing
space and ground-based telescopes will enable us to measure
a huge number of stellar kinematic and metallicity data and,
in the more remote future, provide phase space information
for stellar systems, thereby allowing us to set more robust
constraints on the dark matter density profile in dSphs.
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